Abstract Coleophora deauratella (red-clover casebearer moth, RCCB) was first confirmed as present in New Zealand during late 2016. It devastated red-clover seed crops throughout the mid-Canterbury region during the 2016/17 growing season but its distribution and control options were unknown. Therefore, traps containing a male pheromone specific to RCCB were located inside either red-clover seed crops or hay crops at 27 sites throughout the South Island and lower North Island during summer 2017/18. Moth numbers were monitored at 7-14 day intervals between November and February. RCCB was confirmed as present at all 27 sites (from Invercargill to Masterton). Peak flights occurred during December with mean moth catch well correlated in thermal time, with half of adult emergence occurring 285°C days from 1 July (baseline temperature=12°C). Laboratory-based trials were conducted against live moths to evaluate the effectiveness of various organophosphate and synthetic pyrethroid insecticides. Tau-fluvalinate, lambda cyhalothrin and chlorpyrifos each provided >90% control of moths so chemical control is possible, if required. However, an integrated pest-management control strategy needs to be tested and evaluated.
INTRODUCTION
In New Zealand, red clover (Trifolium pratense L.) is grown as a seed crop as well as being used in pasture mixes to provide nitrogen fixation and high-quality feed. Red clover seed crops are predominantly grown in the Wairarapa, Marlborough and Canterbury regions with approximately 1000 ha annually of seed production. Typically, seed crops are grown as multiyear crops which are harvested for three years. In New Zealand, clover casebearer moths (Coleophora spp.) were a significant problem in white clover (Trifolium repens L.) seed crops in the 1950s to 1970s causing seed losses up to 34% (Stuart 1958; Trought 1979; Pearson 1980) , but the introduction of two biological control agents significantly reduced the negative effect of these white-clover pests (Pearson 1989) . Until recently, red-clover seed crops remained largely unaffected by clover casebearer moths, with the most troubling insect pests being intermittent infestations of red clover thrips (Haplothrips niger (Osborn), various species of aphid and potato mirids (Calocoris norvegicus) (Gmelin). Thus, frequent insecticide application has not been widespread and is generally reactive. Application frequency often increases with crop stand age as the number red clover thrips larvae increase in the crop.
Red clover casebearer moth (RCCB) (Coleophora deauratella, (Leinig & Zeller) , (Lepidoptera: Coleophoridae) was first reported in Auckland, New Zealand in December 2016, although the species was present from at least There it become the major pest in red clover crops, being responsible for seed yield losses of between 80-99.5% (Landry 1991 , Landry & Wright 1993 Mori et al. 2014) . In mid-Canterbury, red clover growers experienced similar yield reductions during the 2016/17 growing season (unpublished data).
Red clover casebearer moth (Coleophora deauratella) is widespread throughout New Zealand
The pattern of C. deauratella development in the northern hemisphere is as follows: -Female moths lay eggs on the calyx (petals) of red clover florets. -Larvae hatch and bore though the corolla to feed on developing ovules; subsequently they bore into adjacent florets creating a characteristic round hole near the base of each floret. Larvae pass through four larval instars and can destroy 2-3 seeds/day as they develop (Landry 1991) . During the fourth instar, larvae create a case from floret petals which they line with silk. In late summer, mature larvae move from plants to the soil surface and seek overwintering sites where they seal the case and overwinter. -Pupation occurs in the early spring, with moths emerging in early summer (Landry 1991) . Insecticide control presents challenges to growers, due to adult flights coinciding with pollinators visiting flower heads and the location of larvae deep inside the florets where the efficacy of contact insecticides is likely to be reduced. This paper aims to provide an update on the distribution of C. deauratella within New Zealand and makes suggestions of possible control options in red clover seed crops.
MATERIALS AND METHODS Distribution and adult ights
A male sex pheromone specific to C. deauratella, that comprises of a 100:10 ratio of Z -7-dodecenyl acetate (Z 7-12:OAc) to Z-5-dodecenyl acetate (Z 5-12:OAc) (Evenden et al. 2010) (Table 1 ). They were emptied at 7-14 day intervals and the pheromone replaced at 5-6 week intervals. Only traps collected weekly were used in emergence and total catch data. Trap numbers 8, 22 and those located in hay crops at Murchison, Invercargill, Oamaru and Twizel were deployed in late December, but were used only to evaluate the distribution of C. deauratella. Moths were collected and adults were identified by the Ministry for Primary Industries (MPI). All paddocks used in the study were subjected to standard grower practice, including insecticide applications.
Statistical analysis was completed with Genstat® (version 17, VSN International Ltd, UK) using a general ANOVA model. Logistic curves (Equation 1) used mean data from all crop paddocks monitored in the Canterbury region. The time periods to reach to 50% and 95% catch were calculated from these data by substituting values for Y in the regression equation (Equation 2).
where: M = curve inflection or 50% catch B = curve parameter, and x and y are corresponding axis values. Thermal time was calculated in three-hourly sections from daily maximum and minimum temperatures for Chertsey, Canterbury using methods described by Jones & Kiniry (1986) . A base temperature (Tb) of 12°C and an optimum temperature of 20°C were used.
Chemical control of C. deauratella moths Live moths (a mix of males and females) were collected using a sweep net from red clover paddocks around mid-Canterbury on 12 December 2017 and transported to AgResearch, Lincoln where they were held in vented cages in a shade house. Humidity in the cages was kept elevated using tissue moistened with tap water. On 13 December 2017, 7-8 moths were placed into 150-mm Petri dishes lined with filter paper and confined with a coarse metal mesh lid to prevent escape. They were then treated with one of the following chemicals: 150 mL/ha Mavrik® Aquaflo (a.i. 240 g/L tau-fluvalinate, Adama, Nelson); 250 mL/ha Lorsban TM 50 EC (a.i. 500 g/L chlorpyrifos, Dow Agrosciences, New Plymouth); 40 mL/ha Karate® Zeon (a.i. 250 g/L lambda cyhalothrin, Syngenta, Auckland); or 150 mL/ha Exeril® (a.i. 100 g/L cyantraniliprole, DuPont, Auckland) with an adjuvant 25 mL Spreadwett 1000/100 L of water (a.i. alkoxylated alcohols, SST NZ ltd, Auckland) as required. Control treatments consisted of either water only or water plus adjuvant. Each treatment was replicated eight times. Treatments were applied using a CO 2 -powered knapsack sprayer. Order of treatment was water only, water + adjuvant, tau-fluvalinate + adjuvant, chlorpyrifos, lambda cyhalothrin + adjuvant and cyantraniliprole + adjuvant with equipment thoroughly rinsed between treatments. After treatment, dishes were left for 3-4 minutes before removing them from the treatment area to allow the residue to dry. The metal mesh lid was replaced with a piece of nylon mesh fabric fixed with a rubber band. At the completion of application, dishes were transferred to a controlled environment room (18 o C, natural daylight). Mortality assessments were made approximately 4.5, 24 and 48 hours following treatment. Moths were assessed as being alive if they moved when they were touched with a blunt probe and dead if they failed to react to the touch of the probe. Moribund or ataxic moths were recorded as being dead as they did not recover or died by the end of the trial. To minimise any mortality arising from desiccation, dishes were sprayed 1-2 times per day with a fine mist of tap water using a 1-litre pressure sprayer, then covered with plastic lids supported by plastic blocks to allow for air movement while minimising evaporation from inside the dishes. At 48 hours, mortality of the control moths reached 20.4%, so further assessments were not made. Actual mortality was calculated using the Henderson-Tilton formula to correct for control mortality (Henderson & Tilton 1955) .
Mortality of insects was first compared among treatments at each time using a generalised linear model (GLM) with binomial distributions through a logit link function. The GLM analysis was applied at each time separately from the other times, resulting in three independent GLM analyses, each of which consisted of only a singlefactor treatment. For comparisons involving a treatment group with 100% mortality or 0% mortality, the Fisher's exact binomial test was used. All analyses were carried out with statistical software Minitab version 16.
RESULTS

Moth population studies
Male adult C. deauratella moths were caught at all trapping locations between mid-November 2017 and mid-January 2018 (Fig. 1) . The mean number of adult moths caught per site was 3235 and ranged from 251 in a first-year red clover crop near Temuka up to 17,500 in a secondyear red clover crop located near Cheviot. Mean moth catch was well correlated (R 2 =0.98) with thermal time (solid line in Fig. 1) , with half of adult emergence occurring 285°C days from 1 July (T b =12°C) and 95% by 365°C days.
Stand age
Mean number of adult male C. deauratella moths captured was strongly correlated to the age of the red clover crop (R 2 =0.99) (Fig. 2) . However, stand age analysed by ANOVA had no effect (P=0.173) on the number of adult male C. deauratella moths caught.
Adult control
Moth mortality was rapid (within 4.5 hours) following topical application of tau-fluvalinate, lambda cyhalothrin or chlorpyrifos (Table 2) . Cyantraniliprole caused some mortality, but its effectiveness was lower than for the other active ingredients tested.
DISCUSSION
The first report of Coleophora deauratella was in Auckland but was closely followed by reports from two sites in Canterbury so MPI had ruled out the possibility of eradication by early 2017. Coleophora deauratella was found at all Table 2 Mortality of adult male red clover casebearer moth (Coleophora deauratella) after treatment with selected insecticides. Mortality corrected using the Henderson-Tilton formula. Table 1 ). Solid line shows the regression: Y=100/ (1+exp(0.037*(x-284.8)) ).
Figure 2
Mean red clover casebearer moth (C. dearatella) capture in pheromone traps located in 23 red clover crops of variable age at 20 sites. Bars = standard error of the mean. Number of crops of each age: first year=8; second year=12; third year=3.
locations where pheromone-based traps were located, which suggests that C. deauratella is well established in New Zealand. It also suggests C. deauratella has gone unreported in New Zealand for some time. Landry (1991) reported C. deauratella went undetected for almost 30 years in eastern Canada and the north-eastern United States, in part because it had been misidentified, meaning it was well established when discovered. Two species of recorded white-clover casebearer moth, C. spissicornis and C. frischella, have been recorded in New Zealand (Pearson 1980) . Adults of these species are similar in appearance to, and difficult to distinguish from, C. deauratella which could lead to misidentification in New Zealand. However, C. deauratella is almost exclusively found on red clover and the pheromone is highly specific (Mori et al. 2014) , thus providing a mechanism for monitoring. Median moth flight activity occurred at 284 o C days (T b =12), starting 1 July 2017 (Fig. 1) . This is slightly later than the 258 o C days reported by Mori et al. (2014) for the Peace River region of Canada although variation in sampling frequency and interventions undertaken by host growers may account for the discrepancy. This difference corresponds to approximately 2-3 days and is likely to make little difference in terms of implementation of management interventions. The use of an environmental model would assist with prediction of flight times under different temperature conditions and would provide an indication of when management options should be implemented. Further data from subsequent seasons are required to refine the current New Zealand data, and to identify when oviposition occurs and subsequently when seed-damaging larvae hatch.
The number of adult male moths captured was greater in second-year red clover crops from 12 sites and third-year red clover crops from 3 sites compared with first-year crops (8 sites) (Fig. 2 ) but these differences were not significant. Adult moths must fly from surrounding areas into first-year crops, thus only a transient population is being captured, which is likely to be lower than in older crops. In multiple-season crops, adults emerge from overwintering pupae resulting from egg laying within the crop from the previous summer augmented by immigration, thus numbers generally 'build up' over time. Similar observations for white-clover casebearer were reported by Trought (1979) .
High levels of moth control were achieved using tau-fluvalinate and lambda cyhalothrin, with both products already registered for control of white-clover casebearer. Complete control was achieved with chlorpyrifos although this chemical is not currently registered for use on casebearers. Cyantraniliprole provided useful control and may aid in the development of an integrated pest management (IPM) programme. Initial reports from Canterbury in the 2017/18 growing season indicating effective suppression of damaging populations in red clover crops (data not shown). Insecticides were the only effective form of control of casebearer species in white clover and were common practice (Trought 1979; Schroeder & Clifford 1996) , until suppression of white-clover casebearer was achieved using biological control (Pearson 1989) . During the 2017/18 season, many growers responded to RCCB by applying between one and four applications of insecticide, usually from the OP and/or SP families. This practice is not sustainable without creating issues (e.g. Mansfield et al. 2006 ) and must be replaced by an IPM approach. In relation to C. deauratella, there is a paucity of information on what predators and parasitoids are active against this pest, so more data are required before an IPM programme can be developed to replace broadspectrum insecticide use. Initial observations undertaken in Canterbury suggest that predators and parasitoids attack diapausing C. deauratella pupae, as a preliminary survey found a high incidence of apparent predation on the pupal cases and dissection of a small number of cases contained pupae of a yet unidentified parasitic wasp (S. Hardwick and R. Townsend unpublished data). Further research needs to investigate the role of natural enemies including parasitic wasps (both for presence and efficacy), and the possible activity of generalist predators such as brown lacewing larvae (Micromus tasmaniae Walker, 1860) and pacific damsel bug (Nabis kinbergii Reuter), which were present in most crops. It is also important to evaluate the alternative chemical control options used for the control of other pest Lepidoptera species (e.g. diamond back moth) (Plutella xylostella L.), for use against RCCB as well as red clover thrips. These products need to be safe towards both the natural enemies currently active in red clover swards and visiting pollinators, to minimise the chances of disruption to biocontrol agents, pollination and creation of new pest problems from previously secondary pests e.g. aphids or potato mirid.
In conclusion, red clover casebearer moth is widespread throughout the main seed production areas of New Zealand. Adult moth flights can be estimated by a growing-degree model with 50% of adult moths emerged in mid-December, 284 o C days after 1 July. Further research is required to integrate C. deauratella biology with potential biocontrol agents and insecticide control programs to develop an effective IPM strategy for growers.
